Nonlinear, spatially extended structures of convection rolls in horizontal layers of binary uids heated from below are investigated in quantitative detail as a function of Rayleigh number for several negative and positive Soret coupling strengths (separation ratios) and di erent Lewis and Prandtl numbers characterizing di erent mixtures. A nite di erence method was used to solve the full hydrodynamic eld equations in a vertical cross section perpendicular to the roll axes, subject to realistic horizontal and laterally periodic boundary conditions in a range of experimentally accessible parameters. We elucidate the important role that the concentration eld plays in the structural dynamics of the nonlinear states of stationary overturning convection (SOC) and of traveling wave (TW) convection investigated here. Structural di erences in the concentration boundary layers and of the concentration plumes in TW's and SOC's and their physical consequences are discussed. These properties show that the states considered here are indeed strongly nonlinear, as expected from the magnitude of advection and di usion in the concentration balance. The bifurcation behaviour of the states is analysed using di erent order parameters such as ow intensity, Nusselt number, a newly de ned mixing parameter characterized by the variance of the concentration eld, and the TW frequency. For further comparison with experiments, light intensity distributions are determined that can be observed in side-view shadowgraphs done with horizontal light along the roll axes. Furthermore, detailed structural analyses of all elds are made using colour coded isoplots, vertical and lateral eld pro les, and lateral Fourier decompositions. They reveal, among other things, that the mirror-glide operation of lateral translation by half a wavelength combined with vertical re ection at the horizontal midplane of the layer is the longest persistent symmetry of TW and SOC states. Transport properties of the TW state are also discussed, in particular the mean lateral concentration current that is caused by the phase di erence between concentration wave and velocity wave and that is roughly proportional to the TW frequency. This current plays an important role in the structural dynamics and stability of the spatially-localized traveling-wave convection investigated in an accompanying paper. Thermally-driven convection in a binary uid of two miscible components like ethanol-water or 3 He- 4 He has attracted much research activity lately. It has all the qualities of a paradigmatic system for studying problems related to hydrodynamic instabilities, bifurcation theory, structure formation, complex spatio-temporal behavior, and turbulence 1]: The experimental realization is su ciently simple to allow for controlled experiments, and the governing eld equations are well known. Furthermore, experiments 2{45] and theoretical approaches 46{77] that capture properties of the experimental setups, albeit to quite a varying degree, have observed an enormous richness of spatio-temporal phenomena. Here we investigate, by numerical integration of the hydrodynamic eld equations, spatially-periodic, extended convective structures consisting of straight rolls. They appear either as stationary patterns that we call states of stationary overturning convection (SOC) rolls for historical reasons 2] or as traveling-wave (TW) patterns of propagating rolls. The analysis of these extended states is a useful and indeed necessary basis for an understanding of more complex structures like localized traveling wave (LTW) states, which we investigate in an accompanying paper 46] .
In particular, we want to elucidate the role of the concentration eld. It is the combination (i) of the linear coupling of its degrees of freedom to the temperature eld via the Soret e ect and (ii) of its contribution to the buoyancy force | the concentration eld directly inuences the driving mechanism for convection | that causes the additional richness of convective dynamics and structures in mixtures in comparison to pure onecomponent uids. The latter exhibit as a rst instability just a forwards bifurcation of the quiescent conductive state into stationary rolls. On the one hand, concentration is advected, and since the concentration di usion constant is small it is transported almost passively by the ow, except for boundary layer e ects. But on the other hand the structural dynamics of the concentration eld actively feeds back via the associated density variations into the buoyancy force that drives convection. The Soret coupling constant can be positive or negative depending on mean temperature and concentration, and for room temperature ethanol-water mixtures -values between about 0:5 and +0:2 can be easily realized experimentally 3]. Without Soret coupling, = 0 , concentration deviations from the mean eventually di use away. For 6 = 0 , however, the externally-imposed temperature stress sustains concentration variations against the mixing action of convection via the Soret e ect; these in turn alter the driving force for convection. For negative Soret coupling, < 0, this interplay causes the appearence of a Hopf bifurcation into a pair of symmetry degenerated left and right TW states in addition to the bifurcation of SOC rolls. Both of these convective solution branches typically show a subcritical bifurcation topology | the bifurcation is forwards only in the immediate vicinity of the pure-uid limit of vanishing Soret coupling, = 0. The associated discontinuous onset of convection re ects the nonlinear feed back mechanism: convective homogeneization of the concentration distribution reduces the adverse buoyancy-depressing Soretinduced conductive concentration gradient and thus ampli es buoyancy and convection intensity.
We have calculated and analysed various states for negative as well as for positive Soret coupling parameters. However, our main interest has been focussed on the experimentally observable TW and SOC states that are located at < 0 on the upper solution branch of the bifurcation curves of, say, ow amplitude versus Rayleigh number. We should like to stress that these experimentally observable convective states are strongly nonlinear. Their spatio-temporal behaviour can neither be described quantitatively by a weakly nonlinear expansion around their bifurcation thresholds nor by simple heuristic amplitude equation approaches. We have therefore solved the full hydrodynamic eld equations numerically with realistic boundary conditions using an explicit nite-di erence method. We restricted ourselves to 2d convection in the form of straight rolls by suppressing spatial variations along the roll axes. In most cases, we enforced the wavelength of the states by imposing laterally periodic boundary conditions with the cell length equal to twice the height of the uid layer, i.e., close to the wavelength seen in experiments.
Since a review 47] of the early literature on convection in binary mixtures and a critical appraisal 1] of many of the more recent works is available { see also 48 ,49] { we add here only some short complementary comments that are mostly related to experimental and theoretical developments relevant to our work. After the rst unambiguous visual observation 4] of TW's in an ethanol-water mixture, the use of annular convection channels 5, 6] that (i) eliminated endwall e ects and (ii) enforced lateral periodicity facilitated comparisons with theoretical and numerical approaches. However, on the theoretical side, amplitude-equation models and few-mode Galerkin approximations (even after strongly increasing the number of modes 7] ) have failed to properly describe nonlinear TW's, e.g., their frequency variation with Rayleigh number, their bifurcation behaviour on the upper stable branch, and their eld structure. So far, only Bensimon et al. 50{52] succeeded in calculating TW's on the upper branch with a saddle connection to the lower backwards bifurcating branch using a boundary layer model 78] for the concentration eld. But this approach also poses some problems.
On the numerical side, simulations of so called thermosolutal convection by Deane et al. 53] yielded TW and SOC solutions. However, they are not fully applicable for quantitative comparison with the experiments 2{45] in binary mixtures for several reasons 1]. Stable nonlinear TW's comparable to the experimental ones 5, 6] have been obtained numerically in Ref. 54 ] using anite di erence method. This analysis 54] showed the existence of large-scale mean Eulerian lateral currents of heat and concentration and a nonzero mean velocity eld that had previously been found in few-mode Galerkin models by Linz et al. 55] . Also, the Lagrangian motion in passive tracer transport 8, 9] in TW states is now well understood 55, 56, 79, 57, 58, 10] and is di erent from the above mentioned Eulerian currents and elds. Using a nite-di erence method at = 0:11, Yahata 59] calculated an SOC state on the upper solution branch showing boundary layer behaviour in the concentration eld. A comparison with a 52-mode Galerkin model revealed that temperature and velocity elds could very well be described by few modes, but that the concentration eld was not reproduced properly by this mode ansatz. Later, Yahata 60] calculated oscillatory convection that was spatially con ned to the vicinity of a lateral side wall. He also presented the concentration eld, which had a similar structure as in an in nite system.
Analysing experiments in an annular channel at = showed signi cant quantitative di erences in intensities and bifurcation behavior with experiments in broader annular channels 14,15] and with our 2d numerical calculations. The di erences can be traced back in large part to the cell geometry. In fact, our calculations agree well with experiments in channels of moderate width (1.3 to 3 times the height) 15, 14] . In very broad channels, straight rolls undergo 3d instabilities 80, 61, 17, 18] . In very narrow ones, the in uence of the walls becomes too strong 16]; in addition, the critical temperature di erence between the horizontal plates increases so strongly that non Oberbeck-Boussinesq e ects become important. We should mention also that Zimmermann et al. 19{21 ] did side-view di erential interferometry in ethanol-water mixtures. They found that, for mean uid temperatures of about 10 o C, the existence range of stable TW's is strongly reduced and at a mean temperature of about 5 o C, there were no stable TW's.
Extended convective states also have been investigated for positive Soret coupling . For a survey, see, e.g., 22, 23, 62] . Lhost and Platten 24] observed, in a narrow rectangular cell close to onset, very big rolls, as one would expect from a linear stability analysis which yields a vanishing critical wavenumber. Various experiments 25, 22, 26, 13, 23] done at not-too-small positive in broad rectangular and cylindrical cells found stationary, squareshaped convective structures. In agreement with the amplitude-equation model of Clune and Knobloch 62] , they occur in the so-called Soret regime between the onset r stat and the reduced Rayleigh number r = 1 at which SOC rolls bifurcate in pure uids. However, the channel walls of narrow straight or annular cells suppress square patterns and favour SOC rolls with axes oriented perpendicular to the walls. In the so-called Rayleigh region above r 1, square convection loses stability to a stable oscillatory state 26, 63, 23] . M uller and L ucke 63] obtained such temporal oscillations between rolls of perpendicular orientation, using a 10-mode Lorenz model with a phenomenological sidewall forcing. With further increase of the Rayleigh number, convection in the mixture approaches the behavior in a pure uid, i.e., SOC rolls of one direction are stabilized. To study square convection and the above described oscillatory state, Bestehorn 64] has numerically integrated the 3d eld equations in the limit of in nite Prandtl number, albeit with very moderate spatial resolution of the concentration boundary layers.
Our work is organized as follows: Section II describes the system we study, the eld equations, the role of the Soret coupling, and the bifurcation thresholds of convective solutions from the quiescent conductive state. In section III, we analyse, for negative Soret coupling , the bifurcation behaviour of nonlinear TW and SOC states and their eld structure and symmetry properties, especially focussing on the concentration eld and the transport properties. In section IV, we discuss how structure and bifurcation behaviour change with , and section V presents stationary states for positive Soret coupling. In section VI, we investigate variations with changing Lewis and Prandtl numbers. The conclusion in section VII lists our main results on nonlinear extended SOC and TW states. In the accompanying paper 46], we investigate spatially-localized traveling-wave convection.
II. THE SYSTEM
We consider a horizontal layer of a binary uid mixture like alcohol-water or normal 3 He- 4 He under a homogeneous gravitational eld, g = g e z , that is directed downwards. A positive temperature di erence, T = T lower T upper , between the lower and upper conning boundaries is imposed externally, e.g., via highlyconducting plates in experiments. When the resulting buoyancy force (cf. below) exceeds a threshold, convective motion sets in. We consider here convection in the form of straight parallel rolls as seen in many experiments. Ignoring variations along the roll axes, we describe 2d convection in an x z plane perpendicular to the axes.
A. Equations
The system is described by the balance equations for mass, heat, concentration, and momentum in OberbeckBoussinesq approximation 81{83,47] 0 = r u ; (2.1) @ t T = r Q ; Q = u T r T ; In the continuity equation (2.1), the uid has been assumed to be incompressible, i.e., the mass density is constant, and the mass current is proportional to the divergence-free velocity eld u. The reduced heat current Q in Oberbeck-Boussinesq approximation consists of the convective part u T and the di usive part r T. In the reduced concentration current J, the di usive part is Lr( C T). Here, we suppress the convective transport u F 0 of the mean quantity F 0 , since it drops out in the balance equations. The Lewis number L is the ratio of the concentration di usivity D to the thermal di usivity , and the Prandtl number is the ratio of the momentum di usivity and : L = D ; = : (2.6) For room temperatures (10 o C 40 o C), the Prandtl number of ethanol-water mixtures lies between 5 and 20 3], while for normal uid Helium it is ten or more times smaller. The Lewis numbers are around 0.01 for these mixtures.
In experiments as well as in our simulations, the material parameters L and that characterize a particular mixture are xed, while the Rayleigh number R and the separation ratio , R = gd 3 T ; = k T T 0 ; (2.7) are considered to be control parameters that can be varied independently. R measures the externally imposed thermal stress. The Soret coupling between temperature and concentration, into which enters the thermo di usion ratio k T of the mixture, re ects the in uence of temperature gradients on the concentration eld.
can be positive or negative 3], depending on T 0 and C 0 .
For room temperature ethanol-water mixtures, -values between about 0:5 and +0:2 can be easily realized experimentally 3]. The Dufour cross-coupling term in the heat balance equation can be ignored for binary liquids, but it has to be kept for gas mixtures 84, 65] . The buoyancy force ( 0 )g due to density deviations from the mean is the driving mechanism for convective motion. It enters into the momentum balance (2.4) via the buoyancy term B which follows from (2.5) after scaling. This is the only place where a density variation is considered in Oberbeck-Boussinesq approximation.
Taking the divergence of the Navier Stokes equation (2.4), one gets, via the continuity equation, a Poisson equation r 2 p = r r(u : u)] + R @ z ( T + C) (2.8) for the pressure p. The Poisson equation substitutes the continuity equation and builds, together with (2.2{2.4), a complete set of equations for the elds u, T, C, and p.
B. Boundary conditions
The horizontal boundaries of the layer that we shall call plates for shortness are at z = 0; 1. The lateral boundaries are at x = 0; . The plates are rigid for the uid, u = w = 0 for z = 0; 1 ; (2.9) and perfect heat conductors, so that the temperature of the uid at z = 0; 1 is constant and laterally homoge- These NSI (no-slip impermeable) boundary conditions have to be contrasted with the idealized FSP (free-slip permeable) boundary conditions that allow expansion of the elds in trigonometric functions and that are often used in theoretical approaches. However, since the latter allow vertical concentration transport through the plates, they are likely to misrepresent the delicate concentration balance 46] that is involved, e.g., in explaining structure, dynamics, and stability of LTW states.
In lateral direction, all elds F = u; w; T; C; p are periodic:
F(x; z; t) = F(x + ; z; t) ; (2.12) with a given lateral periodicity length . Since the pressure p is determined via the Poisson equation (2.8) by u; T; C, we do not need boundary conditions for it.
Most of the nonlinear states determined in this paper were obtained in a periodicity interval of = = 2.
Thus the wave number is xed at k = , which is close to those observed in experiments.
C. Numerical method
To integrate the partial di erential equations, we used a modi cation of the SOLA code that is based on the MAC method 85{88]. This is a nite-di erence method of second order in space on staggered grids for the different elds, with a uniform spatial resolution x = z = 0:05 and with an explicit rst-order 
E. Soret coupling
The Soret e ect causes a linear coupling between the degrees of freedom of the concentration eld on the one hand and those of the temperature and also of the velocity eld on the other hand. It is this coupling to the concentration eld that causes the additional richness of convective dynamics and structures in binary mixtures in comparison to pure-uid convection. On the one hand, the concentration eld is mixed and advected passively by the nonlinear u C coupling. But, on the other hand, it enters via the Soret e ect linearly into the buoyancy force that drives convection. Thus, the structural dynamics of the concentration eld actively feeds back into the driving mechanism for convection. Without Soret coupling, = 0 , the temperature gradient of the conductive state does not induce a vertical concentration gradient { any concentration deviation from the mean di uses away. And since convection does not create new concentration uctuations, the buoyancy force is not modied. So, in the limiting case of zero coupling = 0, the equations e ectively describe a pure uid. For 6 = 0 , however, the externally-imposed temperature stress sustains | against the mixing action of convection | via the Soret e ect concentration variations which in turn alter the driving force for convection. Fig. 1a at the codimension-two value CTP = 3:5 10 5 with slightly di erent critical wave numbers and a small Hopf frequency. For a more detailed discussion of the codimension-two point see, e.g., 66{69, 72, 73] .
The linear quantities of Fig. 1 
III. NEGATIVE SORET COUPLING
In this section, we discuss the structure and bifurcation behavior of extended convective states in mixtures with buoyancy-reducing negative Soret e ect. We start with a typical bifurcation diagram for an ethanol-water mixture. We discuss the structure of the elds of the TW and SOC states in this diagram, including symmetry properties, lateral Fourier decomposition, and of time averaged currents of mass, heat, and concentration. The variation of bifurcation behavior and eld structure with separation ratio, for the case of a buoyancy-enhancing positive Soret e ect, and the in uence of changing the Lewis and Prandtl number on the bifurcation structure are presented in Sections IV, V, and VI, respectively.
A. Bifurcation behavior
Here we discuss bifurcation diagrams of extended states in a mixture with parameters L = 0:01; = 10; = 0:25. Fig. 2 shows the r-dependence of frequency !, mixing parameter M, and Nusselt number N 1 of the convective states with wavelength = 2.
These diagrams display in a representative way the subcritical bifurcation topology that is typical for su cently negative Soret coupling . The dotted line gives for comparison the Nusselt number of the SOC states in a pure uid. The conductive state loses its stability at r osc . Just above r osc , the system does not saturate in a state with small convective amplitude as in a pure uid; rather, a nonlinear TW state of large amplitude is stable. This TW state has a frequency of only about 1 10 ! H . Reducing the drive r quasistatically, the TW frequency continuously increases up to about 1 3 ! H at the saddle r s TW . Below the saddle, there is no longer a TW branch. So, with further reduction of the drive below r s TW , the system undergoes a transition to the conductive state. The arrows in Fig. 2c indicate the hysteretic character of the bifurcation. The reason for the associated discontinuous onset of convection is a nonlinear feedback: For < 0, the Soret-induced conductive concentration distribution weakens the buoyancy. Convection, on the other hand, redistributes the alcohol more evenly, thereby reducing the adverse Soret e ect and thus increasing the buoyancy much more strongly than the attening of the vertical temperature pro le in the bulk decreases the buoyancy. The increased buoyancy in turn strengthens convection, which again ampli es the buoyancy.
With increasing r, the TW frequency decreases until there is a continuous transition, at r , to a TW of frequency zero, i.e., a SOC state. Approaching r , the TW frequency decreases as (r r) Viewed from the SOC branch above r , we have, with decreasing r, a symmetry-breaking forward bifurcation to left-or right-traveling waves, the symmetry of the latter being reduced relative to that of the former (cf. sec. III.C). A similar bifurcation with ! as order parameter has been discussed in another connection, cf. eg. 90, 91] .
It is possible to stabilize the SOC branch below r (triangles in Fig. 2 ) down to the SOC saddle r s SOC by preventing this symmetry breaking. In most cases, we enforced the stability of the otherwise unstable SOC's by hindering the traveling of the rolls with the phase pinning boundary condition u(x; z; t) = 0 at x = 0; in addition to the periodic boundary conditions in x direction. This means that we do not allow lateral convective transport through the line x = 0. So, in our short system of = 2, the roll pair cannot travel. In somewhat longer systems, this boundary condition is not su cient to prevent TW's in the bulk, as has been seen in simulations of a system of length = 10 49] and similarly in experiments 4,28{30].
The Nusselt numbers of TW and SOC states typically lie just below the values for a pure uid. Only near the saddles are there stronger deviations. The stabilized SOC's transport more heat vertically than the corresponding TW states for the same parameters. We should mention here that the conductive state is also with phase pinning boundary conditions stable only up to r osc . A transient standing wave of small amplitude grows above r osc . However, a nal nonlinear standing-wave state is not stabilized by the phase pinning boundary conditions. Instead, the system ends in the SOC state.
If we start from a stabilized SOC state (triangles in Fig. 2 ) below r and then release the phase pinning, the SOC state becomes unstable. The convection rolls start to travel, and with growing phase velocity the Nusselt number decreases. Finally, for r s TW < r < r , the system ends in the stable TW state. For r < r s TW , on the other hand, there is no stable convective state. Below r s TW , the convection amplitude decreases, while the phase velocity increases, until nally the system approaches the conductive state as a linear TW of exponentially-decreasing amplitude.
That our SOC and TW states are closer to SOC states in a pure uid than to the conductive state of the mixture is re ected not only in the Nusselt number, but also in the mixing parameter M (2.20) (cf. Fig. 2b ) of the concentration eld. M is normalized to 1 in the conductive state with the Soret-induced vertical concentration variation. Convective mixing dramatically reduces this concentration variation to M 0:1, with a slight increase at the saddle. There is a stronger variation of the concentration eld in the TW's. There, M varies roughly linearly with frequency !, for not too small !, and reaches its maximum ( 0:35) at the saddle r s TW . Thus, the convective homogeneization of the concentration, measured in terms of M, is more e cient by a factor of 3.5 in SOC's than in a TW at the saddle. A similarly-de ned mixing parameter of the temperature eld is reduced to only 0:9 for the strongest convective state in Fig. 2 .
The bifurcation diagrams in Fig. 2 were obtained in a system with periodicity length = = 2. Thus, some of the instability mechanisms, e.g., the Eckhaus instability 31{33] and more complicated dynamical behaviour 10,34,48,35,49,1,46, and references cited therein] occurring in large systems are suppressed here.
B. Structure of the elds
Here and in the next sections we discuss how the elds of the nonlinear convective states change along the upper bifurcation branch. To that end we display in Fig. 3 three TW states and one SOC state contained in the bifurcation diagrams Fig. 2 . Their symmetry properties will be discussed in sec. III.C, while vertical pro les and a lateral Fourier analysis are presented in Fig. 4 and sec. III.D.
Let us rst discuss the fast TW close to the saddle in it is a stationary structure with the given spatial periodicity F(x + ; z; t) = F(x; z; t) The third row contains the colour-coded concentration eld C together with the streamlines of the velocity eld in a frame comoving with the TW. While the velocity and temperature elds are laterally nearly harmonic, the lateral concentration pro le has a trapezoidal, strongly nonharmonic shape | see the thick line with squares for C(x; z = 0:5) in the fourth row of Fig. 3a . For a TW propagating to the right, C has a positive plateau with a concentration surplus (blue-green area) in the region of the right turning convection rolls and correspondingly a negative plateau with a concentration de cit (red-orange area) in the region of the left turning rolls. Between the two concentration plateaus there is an almost linear concentration variation in horizontal direction. Also, from a plateau to a plate there is a steep, almost linear variation of C (cf. Fig. 4c ).
To explain this structure of the TW's concentration eld self-consistently, we view the uid layer from the frame of reference e that comoves with the phase velocity v p e x of the TW. In this frame, all elds e F of the stationary TW e u(e x; z) = u(x v p t; z; t) v p e x (3.3) e T(e x; z) = T(x v p t; z; t) (3.4) e C(e x; z) = C(x v p t; z; t) (3.5) are time-independent, with e x = x v p t :
From the conservation law @ t e C + e r e J = 0 (3.7)
and @ t e C = 0, it follows that the concentration current Since the Lewis number L is small, we can set the diffusive term on the r.h.s. of (3.9) to zero for the present discussion. Thus, there is no gradient of e C parallel to e u;
i.e., the isolines of e C lie practically parallel to e u. Furthermore, if we de ne the velocity streamfunction e in e via e r e e y = (@ z e ; 0; e @ x e ) = (e u; 0; e w); (3.10) then the isolines of e , i.e., the streamlines of e u along which the uid moves in e , are almost identical with the isolines of the concentration. That this holds quite well can be seen in Fig. 3 by comparing the colour-coded concentration distributions with the dashed superimposed streamlines of e u. So, in order to understand the structure of the concentration eld, we rst investigate the form of the streamlines. The latter can be most easily understood within a single-mode representation 55], e = 1 k e w(z) sin(ke x) v p z : (3.11) This streamfunction captures the characteristic properties of the velocity eld being basically harmonic in the lateral direction with a vertical pro le e w(z). The second contribution, v p z, to (3.11) , that arises in e from the phase velocity of the TW, has two e ects: (i) it shifts the closed isolines of the ordinary rst contribution to (3.11) | corresponding to stationary roll convection | alternatingly towards the top and bottom plates, and (ii) it generates open streamlines. These meander between and around the roll-like regions of closed streamlines (Fig. 3a) , whereas in an SOC (v p = 0), the only open streamlines are the vertical separation lines between the oppositely turning rolls joining top and bottom plate. Consequently, in a right-propagating TW, (i), the blue-green, concentration rich (red-orange, concentration poor) regions of closed streamlines for the right (left) turning uid domains in e are displaced towards the upper cold (lower warm) plate, where the Soret effect has caused a concentration surplus (de ciency) for < 0. In addition, (ii), open streamlines separate the blue-green (red-orange) regions from the bottom lowconcentration (top high-concentration) boundary layer. Therefore, the blue-green (red-orange) boundary layers feed high concentration (low concentration) only into the respective rolls. See the downwards blue (upwards red) jet-like structures of the concentration eld pointing into the two regions of closed streamlines in Fig. 3a . Within the regions of closed streamlines, the concentration eld behaves like a passive scalar, mixing up di usively 78] as the uid is advected around in e along the closed streamlines. Since a volume element in the area of closed streamlines moves on a closed orbit in e , the uid in such an area is caught within it if we ignore di usion. Thus, in the laboratory frame, this entire uid volume is transported with the phase velocity v p e x of the TW to the right. So the concentration wave moves about 1 4 wavelength ahead of the w-wave (see the pro les of the elds in the 4th and 5th row of cannot be assumed to be small compared to the convective term as in the concentration case.
Let us now discuss the TW variation with decreasing frequency, i.e., increasing r. Since the phase shift between velocity and temperature wave varies like arctan(!=(k 2 + 2 )) 55,57], it vanishes almost linearly with ! at r . From the streamfunction e (3.11), one furthermore infers that, with decreasing phase velocity v p of the TW, (i) the alternating up-and downwards shift of the closed streamline regions and (ii) the transverse extension of open streamlines of e u between the rolls as well as between a roll and a plate decreases. Both effects lead to a reduction of the concentration contrast between the di erently displaced and rotating regions of closed streamlines: decreasing v p makes the streamline structures more and more mirror symmetric around x = 0. Secondly, the feeding of concentration surplus (de ciency) from the top (bottom) boundary layer into the di erent roll regions becomes more symmetric.
Let us now try to understand the structure of the slow TW's and the SOC states. The picture of mixing of the TW concentration eld within a region of closed streamlines of e u was based on the assumption that the convective term in the concentration balance dominates. For small phase velocities, and especially for SOC states, this picture has to be extended, since these closed streamlines cover an entire convection roll (see third row in Fig. 3d ). Since the velocity eld vanishes at the plates, concentration di usion has "long enough time" to work before a uid volume is transported away from the plates by the velocity eld, and a Soret-induced concentration gradient develops at the plates. The turnover time of a uid element that starts very close to a plate on a closed streamline is indeed much bigger than the vertical concentration di usion time 1 L . Since the spatial area where the turnover time is at least comparable to 1 L is small, the concentration boundary layer at the plates is small. Since streamlines through the top layer also pass through the bottom boundary layer, a uid element on such a streamline experiences a strong change of its concentration content. Let us now follow a volume element starting close to the upper plate, say, at x = 0:5 with positive C and negative T. First, it moves slowly with decreasing velocity to the right roll boundary while retaining its temperature and concentration. After that, it moves slowly away from the upper plate, since there w is just proportional to the square of the distance from the plate. Then it is transported very quickly downwards through the middle of the layer, where w max is of the order of 10.
Since heat di usion works quickly, the element warms up rapidly, and the isotherms there are bent only moderately downwards, as in a pure uid. However, with concentration di usion working very slowly on the timescale of 1 L = 100 thermal di usion times, the uid element retains positive concentration down to the vicinity of the lower plate. This causes the little peak in the lateral prole of C in Fig. 3d at the position x = 1; z = 0:5 of maximal down ow. In the vicinity of the lower plate, the volume element is transported very slowly further to the lower plate and then to the left. In this part of the cycle concentration di usion again has enough time to work. Surplus concentration is now transported di usively { mostly upwards { out of the volume element, and the concentration content of the uid volume becomes negative. All these e ects together generate the typical plume structure of the SOC concentration eld with the shafts of the plumes centered at the positions of maximal upand down ow. Such structures have also been seen in simulations of thermohaline convection 74, 75] . The concentration plumes have rather narrow vertical extension and modify the concentration eld in the interior of the rolls only very slightly. Similar plumes occur in the temperature eld in very high Rayleigh number convection in a pure uid, as a consequence of the much faster convective transport of heat compared to heat di usion, where Veronis 92] has also seen them.
While the plumes, or concentration jets, in the SOC are mirror symmetric around x = 0, this is not the case in TW's. In particular, in the fast TW of Fig. 3a , the concentration jets alternatingly feed only the left or right turning rolls. There, the plumes are strongly bent into the respective rolls, and the resulting ne structure of concentration enhancement (depletion) causes the peak (dip) at x ' 1 (x ' 0). Since the turnover time also diverges 55,79] on the separatrix of the closed streamlines in a TW, this peak (dip) ne structure on top of the smooth background of the interior of the rolls thus has the same origin in TW's as in SOC's.
C. Symmetry properties
The concentration eld most clearly shows that SOC and TW states discussed here are strongly nonlinear structures. Nevertheless, they have, in addition to their stationarity (3.1) and spatial periodicity (3.2), an additional mirror-glide symmetry F(x; z; t) = F x + 2 ; 1 z; t (3.14) with + for u; p and for w; T; C and B. This is a combination of a translation by half a wavelength in the x direction and a re ection through the z = 1 2 plane. Besides (3.1) and (3.2), this is the most elementary, i.e., longest persistent symmetry of SOC's and TW's. As far as we know, the mirror-glide symmetry (3.14) has rst been discussed in ref. 54 Fig. 3 shows this light intensity distribution in grey scale. Note that its characteristic structures are dominated by the large Laplacians of the concentration eld. This incidentally shows that the shadowgraph method also gives information about the concentration eld 14, 15] . Applying the operation (3.14) twice yields the pure spatial translation symmetry (3.2) by one wavelength. On the other hand, if one combines (3.14) with the stationarity (3.1), one gets a space-time symmetry F(x; z; t) = F x; 1 z; t + 2 ; (3.16) with = 2 =! for the TW states. Here the translation in (3.14) by half a wavelength is replaced by a time translation by half a period. This space-time symmetry was mentioned in another connection by Weiss 95] . Note that (3.16) does not imply a horizontal mirror symmetry at the midplane for SOC states { which they do not have anyhow { since diverges for ! = 0. But in a system , that moves with constant velocity V e x relative to the laboratory system, the spatial symmetry (3.1) becomes a space time symmetry F( x; z; t) = F x; 1 z; t + 2 (3.17) with = = V . This also holds for TW's with V being the velocity of relative to the rest system e of the TW. The only additional symmetry of SOC's compared to TW's is the mirror symmetry F(x; z) = F( x; z) (3.18) with for u and + for w; T; C; p, and B, where x = 0 is the position of a roll boundary. All other symmetries of the SOC states follow from (3.1), (3.14), (3.18) . For example, the point mirror symmetry around the roll center x = 2 ; z = 1 2 , F(x; z) = F 2 x; 1 z ; (3.19) with + for p and for u; w; T; C; and B, is a combination of (3.14) and (3.18). Finally, we mention that linear SOC and TW transients have no further symmetry besides those discussed here.
D. Vertical pro les and lateral Fourier decomposition
In this section, we continue to discuss how the structure of convection changes with frequency and Rayleigh Fig. 4a and Fig. 4b, respectively, Fig. 3 . The Fourier decomposition of the elds for these states is is z-dependent 54] , while, in a SOC, ' T1 is constant in z and t. The vertical derivative of the mean deviation b 0 from the conductive temperature eld at z = 0; 1 gives the convective heat current. All in all, the temperature eld is similar to that in a pure uid 89]. This also holds for velocity modes which are not displayed in Fig. 4 .
The behavior of the concentration eld is drastically di erent. It shows four characteristic features: (i) convective reduction of the Soret-induced di erence between top and bottom plates, (ii) homogeneous distribution in the roll-like regions of closed streamlines of Fig. 3 , (iii) linear boundary-layer variation, and (iv) plumes. Already close to the TW saddle, the concentration di erence between the plates, C(z = 1) C(z = 0), is convectively reduced to about 1 3 of the value for the conductive pro le (dotted line in Fig. 4c ). This ratio is further reduced to 1 6 for the SOC state in the right column. The reason is that impermeability 27] imposes a condition only on the vertical derivative of the concentration eld at the plates, while the temperature is xed via a Dirichlet condition at the plates. A similar reduction of the
is horizontal and small, but in general nonzero.
The homogeneous distribution in the roll-like regions in Fig. 3 shows up in Fig. 4c The impermeable boundaries cause a vertical concentration gradient @ z h Ci (z) = N for z = 0; 1 (3.27) at the plates. Although it is larger than the gradient, @ z C cond = , in the conductive state (dotted line in Fig. 4c ), the overall concentration di erence between the plates is strongly reduced. In this way, the density di erence between the plates and with it the buoyancy force in the uid has increased, as compared with the conductive state. For Rayleigh numbers larger than those presented here, mixing e ects can also be seen in the temperature eld. Together with those of the concentration, they lead to a mixing in the mass density, so that there is no vertical gradient of the mass density in part of the area of closed streamlines (cf. Fig. 3b of 54] ).
As
u also shrinks, the plateaus of j b C 1 j broaden (thick lines in Fig. 4b ). In the SOC state, C nearly vanishes in the middle of the cell, as can already be inferred from the smallness of the mixing parameter M (Fig. 2b) . Only the boundary layers between the rolls and the plates remain. However, the lateral variation of the concentration right at the plates and in its immediate vicinity | see the little orange (blue) dip at the origin of the upwards jet at x = 0 (downwards jet at x = 1 ) in Fig. 3d | implies that b C 1 is nite at z = 0; 1 (cf. Fig. 4b) . In fact the SOC concentration right at the plates obeys a Laplace equation @ 2 x + @ 2 z C(x; z) = 0 for z = 0; 1:
The boundary-layer behavior of the concentration also shows up in the nearly linear variation of the laterallyaveraged concentration elds h Ci (z) = b C 0 (z) (dashed line in Fig. 4b ) at the plates with a gradient N.
The consequence of the plume structure caused by bending the upwards (downwards) concentration jet laterally along the plate can be seen in the SOC state of In these regions, the concentration gradient is inverted, giving rise to a weak destabilizing e ect in the buoyancy force. Inverted concentration gradients have also been seen in thermohaline calculations 74]. Such an inversion is again more common as an e ect in the temperature eld in high Rayleigh number convection in a pure uid, e.g., 92]. Note also that slow TW's (third column in Fig. 4b) show a weak inversion of the concentration gradient. For faster TW's ( rst and second column in Fig. 4b) , the large boundary-layer behaviour in the open streamlines of e u dominates. The Rayleigh number variation of the Fourier modes at selected vertical positions is displayed in Fig. 5 . For a pure uid, the velocity modes j b w 1 j, j b w 2 j, and j b w 3 j grow with r 89]. In our binary mixtures, this also holds sufciently far away from the TW saddle. Approaching the latter from above, in particular j b w 3 j shows a marked increase (full triangles in Fig. 5a ), which is combined with a strong, but smooth phase shift for the TW's, while for the enforced SOC's, b w 3 goes through zero, combined with a phase jump by . There is no signi cant change of the behavior at the transition from the TW to the SOC branch at r . In a pure uid, the temperature modes j b 1 j, j b 2 j, and j b 3 j also grow with r. Note that the temperature is scaled with T, so that j b 1 j decreases with r above a value r r . At the saddle, there is only a small di erence for the states in the mixture compared to pure uid convection. However, one can see a strong increase in the concentration modes close to the saddle. The reason for this increase lies in the smaller velocity eld at the saddle and with that a smaller mixing e ect in the concentration eld. The structure of the SOC states with or without phase-xing boundaries is the same on the entire upper branch with a small increase of the concentration modes close to the saddle r s SOC . The variation of concentration Fourier modes with TW frequency is shown in Fig. 6 . In the bulk of the layer, j b C 1 j grows roughly linearly with ! (Fig. 6a) , which was also observed in experiments 15]. The deviation of j C 1 j at z = 0:25 from the bulk value at z = 0:5 for large ! re ects the increase of open streamlines of the velocity eld when approaching the TW saddle. At the plates (see z = 0) we always have boundary-layer behavior, so that the concentration variation with ! is small. The concentration wave is phase shifted somewhat more than 4 with respect to the velocity wave in the bulk of the layer (Fig. 6b) . This is also seen in the experiments of Winkler and Kolodner 15] . For very small frequencies, there is an increase of the phase shift in the bulk to 2 for SOC states. At the plates (see z = 0), however, the concentration wave is shifted signi cantly less than 4 to the velocity wave for TW states and shows no phase shift for SOC states. The laterally-averaged concentration eld is nearly zero in the bulk (see Fig. 6c for z = 0:25). Thus, the shrinking of the area of closed streamlines and the corresponding smaller mixing area of the concentration has only a weak in uence there. This smaller mixing e ect can be seen better in the concentration contrast between the plates, which increases linearly with ! for not too small !.
E. Mean ow and time averaged currents of heat and concentration
In this section, we discuss mean transport properties of TW's. In a TW, mass ( uid) is transported along the streamlines of e u in the comoving frame e . Thus, in the laboratory system, part of the uid moves to the right, while another part moves to the left. Here, however, we do not consider this Lagrangian motion 8, 9, 57, 56, 55, 79] but the time-averaged mass transport through an area S, (3.29) taking the mass density to be constant. So we discuss the time-averaged velocity eld hui (x; z). In a SOC state, this time average once again yields the velocity eld. For a TW, temporal and spatial lateral averages are equivalent, because of (3.1), so that hui and all other averaged quantities h Fi depend only on z and no longer on x. Because of the incompressibility of the uid, hwi = 0. Thus, streamlines of hui (Fig. 7a) U(z) = hu(x; z; t)i (3.30) determining the time averaged lateral mass current 0 U(z) 54, 57 ] is opposite to the phase velocity of the TW for all z. The vertical average U = So the lateral heat current is driven by the phase shift between the temperature and the velocity wave 72,55], which by the way also exists in linear TW's 54,68].
Since for these small frequencies we have ' T1 ' w1 ! 72, 55, 57] , it is evident that the lateral heat current hQ x i is nearly proportional to the TW frequency. This can be seen directly by comparing the maxima of hQ x i shown in Fig. 8b as triangles with the TW frequency in Fig. 8c . The curvature of ' T1 (z) is not very important for the heat current, since it is much smaller than (' T1 ' w1 ) (z = 0:5). As ' w1 (z) it is bowed on the Like the lateral heat current, it is roughly proportional to the frequency | compare the dots in Fig. 8b which represent the maxima of hJ x i with the TW frequency in Fig. 8c . But here the ! dependence arises from b C 1 and not from the phase di erence: the concentration wave is in the bulk of the uid about a quarter wavelength ahead of the w-wave for all TW's considered here (cf.
sec. III.D).
Since concentration is conserved and because of the impermeability of the plates, there is no averaged vertical concentration current, i.e.,
hJi (z) = h C ui (z) e x ; (3.36) and the streamlines of hJi (Fig. 7c ) run horizontally.
Note that this concentration current has nothing to do with the mean ow U. The former is in the upper half of the uid layer parallel and in the lower antiparallel to the phase velocity 54, 57] . So the lateral concentration current runs opposite to the lateral heat current. The variation of ' C1 (z) is stronger and more complicated than for the temperature and velocity eld since the concentration eld shows strong boundary layer behavior at the plates, cf. Fig. 6b and 54, thick line in Fig. 2c ]. For a more detailed comparison of linear and nonlinear TW's cf. 68].
The symmetry of the time-averaged quantities h Fi (z) = h Fi (1 z) (3.37) follows directly from (3.14) with + for hui; hQ z i and for hQ x i; hJ x i. Vertically integrating the mean currents, one nds that the mass current, 0 U e x , is very weak, the total heat current, Q = N e z ; (3.38) is strong, and the total concentration current vanishes:
(3.39) Some questions concerning the signi cance of these currents in extended convective states are not answered.
The mean ow U is very small { does it play a role?
How does the associated mass current look in a nite cell? Does it have an in uence there? Does one have to consider spatial density variations 55, 57] ? This goes beyond the Oberbeck-Boussinesq approximation, which is the basis of our calculations. If one takes these density variations into account in the averaged lateral mass current, one should do this also in the vertical mass current without violating mass conservation 57]. The heat current is a local current. But what role does the lateral large-scale concentration current play for TW's? Because of concentration conservation, it has to turn around at the lateral cell boundaries. Is the deformation of the streamlines at the boundaries more important? In any case, the concentration current plays an important role in the dynamics of LTW's 46].
IV. CHANGING THE SORET COUPLING
In sec. III, we discussed a typical bifurcation diagram and the structure of convective states for = 0:25. Now we discuss how the bifurcation behavior changes in ethanol-water mixtures with di erent negative . We also show the TW and SOC structure for a small negative = 0:01. .1) i.e., the TW saddle varies with similarly to r osc ( ). On the other hand, the upper boundary r increases strongly at negative : r ( = 0:25) ' 1:65, while for = 0:295 TW's exist up to r ' 5, and for = 0:3 the Soret coupling is so strong that TW's exist there at least up to r = 10 7r osc . For reasons of numerical accuracy and stability, we did not investigate larger r. This very strong increase of r suggests the existence of a threshold below which no SOC state is stable. Except for this extreme increase of the region of stable TW's, there is no qualitative di erence in the bifurcation structure compared to = 0:25.
All quantities r osc , r , and r s TW decrease with growing , and r and r osc intersect at ' 0:09. Thus, upon crossing the Hopf bifurcation threshold r osc , the initial transient growth of the fast propagating linear TW saturates into a nonlinear slow TW (SOC) state on the upper bifurcation branch for < ( > ). Fig. 9a shows the frequency of these nonlinear states at r osc . The TW frequency at r osc could be tted with the ansatz The structure of TW and SOC states for small Soret coupling, = 0:01 (Fig. 10) , is in principle the same as for the strong one, = 0:25 (Fig. 3) . The main di erence is that the concentration variation is much smaller, and that there exist stable TW's and SOC's at a much smaller drive r. So the strength of convection and of the variation in the temperature eld (top row of Fig. 10 ) is much smaller than for the states with the higher drive (top row of Fig. 3) . Similarly, the convective part of the concentration current is not as dominant as for stronger drive. So the concentration boundary layer at the plates and between the rolls is broader (third row of Fig. 10) , and the little dips and peaks on the concentration proles of Fig. 3 have grown here (fourth row of Fig. 10 ) into broad bumps, and the plume-like structure is much "softer" here than for the case = 0:25 with strong convection. Since the TW frequency is very low, the area of open streamlines of e u is small and with it also the concentration di erence between the rolls. So the concentration eld is governed more by the plume-like structure than by the concentration plateaus. Since the concentration eld is weaker and smoother than for = 0:25, it contributes less to the sideview shadowgraph intensity (second row of Fig. 10 ), which hence re ects predominantly the smooth harmonic temperature eld.
V. POSITIVE SORET COUPLING
As mentioned in the introduction, squares and oscillations between perpendicular rolls can be observed for > 0. We cannot describe these 3d e ects with our 2d algorithm. Our calculations should be compared with measurements in narrow convection channels that favour parallel rolls. Here we show among other things that the structure of the concentration eld of SOC states, with not too small amplitudes, can be explained by the same mechanisms for positive that we have discussed for negative .
For positive , there is only a stationary instability (Fig. 1) . The bifurcation threshold r stat becomes small for not too small , while k c drops to zero, so that the wavelength with largest growth rate in a real system is determined by its length. Here we consider = 0:1, where k c = 0 and r stat (k c ) = 0:04216. The stability curve r stat (k) is very at, so that the bifurcation of SOC rolls of wavelength = 2 occurs already at r stat (k = ) = 0:06012 68]. We have calculated four convective states in a system of length = 20 with laterally periodic boundary conditions. We have chosen this large to allow for wavelength selection. As initial conditions, we took in each case a localized traveling wave at = 0: 25 46] . In each case, a SOC state of wavelength = 2 nally developed (squares in Fig. 11 ), thus suggesting the existence of a strong selection mechanism.
Only the state with the biggest r-value was calculated in a system of length = 2. The rst two states in Fig. 11 are in the so called Soret region, r < 1, and the others in the Rayleigh regime, r > 1. Note that even the smallest r-value (r=0.506) lies distinctly above the bifurcation threshold. As expected 26], the convective heat current N 1 (Fig. 11b) in the Soret region is very small, while in the Rayleigh region it is comparable to the current in a pure uid. The mixing parameter M (Fig. 11a) indicates that the uid in the Rayleigh regime is signi cantly better mixed than in the Soret regime. But M being well below 1 clearly shows that the states in the Soret regime also have to be considered as "strongly nonlinear states". Now we discuss structural variations of SOC states with r. Consider rst the state in Fig. 12d at r = 2:026 with the largest amplitude. Its concentration is well mixed in the rolls as in the SOC states at negative (cf. Fig. 3d) . Also, the concentration boundary layer is present, as at negative . But here C is positive at the lower plate and negative at the upper plate, since > 0.
Also, the little peaks in the lateral concentration pro le (fourth row of Fig. 12d ) now lie at the position of maximal up ow and symmetrically the valleys at the positions of maximal down ow.
With decreasing r (see Fig. 12c , r = 1:114), the velocity eld decreases, the concentration boundary layer grows, and the little peaks become higher and broader. But mixing in the rolls remains dominant down to the beginning of the Soret region (see Fig. 12b , r = 0:912).
However, here the plume structure is very soft, as in the SOC state at = 0:01 in Fig. 10b , since the velocity eld is very weak.
With further decrease of r and thereby of the velocity eld, concentration di usion becomes comparable to advection in a larger spatial area, the concentration plumes become very broad (Fig. 12a , r = 0:506), and the lateral concentration pro le (third row of Fig. 12a ) becomes smooth. Since convective mixing is weak, the amplitude of the lateral concentration pro le at z = 1 2 has increased, and the vertical concentration di erence between the plates has also increased to almost half the size in the quiescent conductive state. With further decrease of r, the nonlinear advective term in the concentration balance loses more and more dominance and then relevance, and the mixing parameter M increases towards 1 at the bifurcation threshold.
The second and last rows of Fig. 12 show the shadowgraph intensity I(x; z) (3.15) with b = 0:919. The temperature eld dominates in the Rayleigh regime, and the concentration eld adds sharp features to it, as for not too weakly negative (Fig. 3d and ref. 14] ). But here we don't have a single maximum at x = 1, but two light spots, i.e., two symmetric maxima around the positions of maximal down ow. They are caused by the concentration eld. Its contribution to the shadowgraph intensity is opposite in sign to the temperature contribution at the down ow roll boundaries for > 0, since b is Comparing a shadowgraph image in the Rayleigh regime ( Fig. 12d) with one in the Soret regime (Fig. 12a) , one sees that bright areas have become dark, and vice versa. This again re ects the facts that (i) concentration and temperature elds contribute basically with opposite signs to I(x; z), and that (ii) the former eld is stronger than the latter eld in the Soret regime, and vice versa high up in the Rayleigh regime. But the two bright spots for the smallest r-value in Fig. 12a at x = 1; z 0:75 indicate that concentration as well as temperature eld contribute to the shadowgraph intensity, and that the concentration eld is still strongly anharmonic. See also the lateral concentration pro le in the fourth row of Fig. 12a .
We should mention that in our calculations we did not wait for perfect stationarity of the SOC states. For the three states with the higher r, we observed a very slow relaxation process in the concentration eld with a sinusoidal spatial modulation given by the system length = 20, while changes in the temperature and velocity eld were nearly negligible. To lter out these long-time variations of C, we presented in Fig. 12c an average of C over 10 wavelengths. Further work is necessary to investigate whether this relaxation process re ects slow phase di usion or weakly damped concentration modes.
A We did not perform calculations right above the instability despite the prospect of interesting wave number selection processes with possibly hysteretic character, since for our long system calculations are very time consuming, and since 3d e ects have been predicted close to the instability 76,77,62].
VI. LEWIS-AND PRANDTL NUMBER DEPENDENCE
In the preceding sections, we have discussed convective properties of binary mixtures as functions of the control Let us now go back to our ethanol-water reference uid (L = 0:01; = 10) and reduce the Prandtl number to the creases to about 2 3 of the ethanol-water value (left curves of Fig. 13a,b) .
The two e ects of (i) increasing L and (ii) reducing all in all "add up" for the 3 He- 4 He parameters L = 0:03; = 0:6 (left curves in Fig. 13c,d ). Note here that r lies below r osc , i.e., the nal state is nonlinear SOC. The region, r r s TW , of stable TW's on the upper branch is smaller by a factor of 10 than for ethanolwater parameters, also if we scale with r osc 1. But the qualitative structure of the bifurcation diagrams is the same for the four parameter combinations of Fig. 13 . In particular there exists an upper TW branch.
A more global picture of the changes of various bifurcation properties with varying L and is shown in the L r plane of Fig. 14b and in the r plane of Fig. 15b . See also tables III and IV. With increasing L, the TW bifurcation threshold r osc rst increases slightly and then strongly at L = O(10 1 ) (Fig. 14b ). The Hopf frequency ! H (k = ), on the other hand, remains essentially constant for 0:001 < L < 0:1. The saddle r s TW lies roughly parallel to r osc in Fig. 14b , while r decreases very strongly with increasing L. Thus, at L = 0:05, the transition to stationary convection is already below r osc (see also the frequency of the nonlinear state at r osc in Fig. 14a) , and for L = 0:3 there is no longer a stable upper TW branch, although r has increased with increasing r osc . The vanishing of the upper TW branch here is similar to the vanishing in (Fig. 15a) ; indeed, it decreases faster than the Hopf frequency (see Tab. IV).
In the considered parameter region, r decreases down to the order of 1 with falling like r a + b log( ). Down to = 0:5, there exist still stable TW's above r osc , and stable TW's close to the saddle exist at least down to = 0:1. Note that, in this small Prandtl-number regime, strong nonlinearities can also be seen in the velocity elds of TW and SOC states, which deserve further investigation.
Let us now address 3 He- 4 He mixtures with L = 0:03 and = 0:6 36{45]. We have investigated their dependence on only in the range 0:25 0:05. As we have discussed above, the qualitative structure of the bifurcation diagrams for = 0:25 is the same as for ethanol-water mixtures, but here r lies just below r osc .
This reduction of the region of stable TW's can also be seen in the variation with : while we still see stable TW's for = 0:1, there are no longer stable TW's for = 0:05. In comparison, in ethanol-water mixtures, there are stable TW's even for = 0:01.
VII. CONCLUSION
The main goal of this paper has been to provide a quantitative description of extended convection in binary uid mixtures and thus come to an understanding of the nonlinear stationary and traveling-wave states that occur as primary convective states near the convective threshold. In particular, we wanted to elucidate the role of the concentration eld. We should like to stress that the experimentally observable convective states on the upper stable parts of the bifurcation branches that we have investigated are strongly nonlinear. For example, for most of them, the concentration P eclet numbers wd=D = w=L measuring the magnitude of the nonlinear advective contribution to the concentration balance equation relative to the linear di usive one were of order 1000. The eld structure of these states can be described quantitatively neither by a weakly-nonlinear expansion around their bifurcation threshold nor by simple, heuristic, one-mode amplitude-equation approaches. We therefore solved the full hydrodynamic eld equations numerically with realistic boundary conditions, using an explicit nite-di erences method. We restricted ourselves to 2d convection in the form of straight rolls by suppressing spatial variations along the roll axes. In most cases, we enforced the wavelength of the states, by imposing laterally periodic boundary conditions, to be = 2, i.e., close to the wavelengths seen in experiments.
Typical bifurcation behaviour for negative Soretcoupling | In a bifurcation diagram of convective intensity versus reduced Rayleigh number, an unstable TW solution branch bifurcates backwards at a Hopf bifurcation threshold r osc out of the conductive state. This TW branch turns over at a saddle r s TW below r osc and becomes stable. The upper stable branch ends by merging at r above r s TW into the SOC solution branch. Moving along the TW branch, the TW frequency continuously decreases from the Hopf frequency at threshold down to zero at the end point r . The SOC branch bifurcates at r stat backwards out of the conductive state or is disconnected from it after r stat has reached in nity. This lower branch bends forwards at a saddle r s SOC . By suppressing TW convection with phase pinning boundary conditions, we determined the upper SOC branch all the way down to its saddle. However, allowing for phase propagation, SOC's are unstable below r : for r < r s TW they start propagating and decay into the conductive state, and in the interval r s TW < r < r , they start propagat- Structure of the elds | Both the velocity and temperature elds of SOC's and of TW's look similar in structure and in strength to those in a comparable stationary state in pure-uid convection. But in the TW state of the mixture, the temperature wave is slightly phase-shifted relative to the velocity wave. The shift varies nearly linearly with the TW frequency as predicted earlier 72, 55] . The lines of constant phase of the rst lateral TW Fourier modes being curved, the waves of temperature, concentration and velocity are not planar.
While velocity and temperature waves are nearly harmonic, the concentration wave has a strongly anharmonic, trapezoidal pro le. The latter shows that, in a TW, the concentration is almost homogeneous within each roll, but at alternatingly high and low concentration levels, with a linear variation between adjacent rolls. This structure can best be understood within the reference frame that comoves with the TW's phase velocity v p , so that all elds are stationary therein. With the diffusion constant being small, concentration is transported predominantly passively by the velocity eld. Thus, one can qualitatively infer from its streamlines in the comoving frame the concentration distribution in a TW.
Because of the contribution v p z to the stream function from the phase velocity, the roll-like regions with closed streamlines are shifted alternatingly towards the top and bottom plates, and in addition there are open streamlines. They meander between the roll-like regions and separate them from each other and from the plates, in such a way that the boundary layer with the Soretinduced concentration surplus (de ciency) at the top (bottom) plate feeds, for instance, in a right TW only the right (left) turning roll regions: high (low) concentration plumes emanating from the top (bottom) boundary layer are bent into the right (left) turning roll regions where the uid is mixed up. So the concentration wave pro le resulting from this combination of boundary layer behaviour perpendicular to the open velocity streamlines and mixing behaviour within the regions of closed streamlines cannot be described by a few lateral Fourier modes, e inkx , as the velocity or temperature wave. This clearly shows that stable TW's on the upper bifurcation branch are strongly nonlinear states whose structural dynamics di ers signi cantly from marginallystable linear TW modes at the Hopf bifurcation threshold.
The phase velocity or frequency of the TW is the single most relevant parameter that governs the structural properties of TW's. With decreasing v p , the streamlines of the velocity eld in the comoving frame become more and more mirror symmetric around up-and down ow positions, the regions of closed (open) streamlines grow (shrink), their alternating up-and downwards shift from the middle of the layer is reduced, the feeding of concentration into the di erent roll regions becomes more symmetric, and the concentration contrast between adjacent rolls | and with it the plateau-height in the trapezoidal pro le of the concentration wave | is reduced until at r the SOC concentration distribution is perfectly mirror symmetric around up-and down ow. Then concentration plumes ascending (descending) at the positions of maximal up (down) ow from the bottom (top) boundary layer inject low (high) concentration symmetrically into left-and right-turning rolls, where the uid is well mixed in the bulk of the layer. The symmetric mixing operation of SOC's homogenizes the concentration more e ciently than the asymmetric mixing at di erent levels in adjacent TW rolls. This can be quanti ed by our mixing parameter M measuring the rms variations of the concentration eld.
The plume-like transport of concentration out of the boundary layers near the plates into the bulk of TW's and SOC's is a consequence of the smallness of the diffusion constant and thus is similar to thermal plumes in high Rayleigh number convection, where convective heat transport dominates in the bulk over di usive transport.
Symmetry properties | TW's and SOC's show a mirror glide symmetry under lateral translation by half a wave-length combined with re ection through the horizontal midplane of the layer. This can easily be seen, e.g., in side-view shadowgraphs 15] which, by the way, yield detailed information on the concentration distribution in the uid.
Mean transport of TW's | TW's cause a lateral mean ow U(z) that is several orders of magnitude smaller than v p and that is related 55,54] to the z-variation of the phase of the rst lateral Fourier mode of the lateral velocity eld. On the other hand, and more importantly, the phase shift between vertical velocity and temperature (concentration) wave generates a signi cant mean lateral convective heat current hu Ti (concentration current hu Ci) that ows parallel (opposite) to the TW propagation in the upper half of the uid layer and vice versa in the lower half, so that the net currents vanish. Both current amplitudes roughly grow proportional to v p . The lateral convective transport of heat and concentration by these currents is di erent from and unrelated to the mean ow U(z). showed in the Soret regime, r < 1, but well above the instability and also in the Rayleigh regime, r > 1, always an evolution into SOC states with wavelength = 2. This should be compared with experiments in narrow convection channels that suppress squares and favour rolls. We used localized traveling waves as initial conditions to test if there exist stable TW's at = 0:1 but found none | also not with free-slip impermeable boundary conditions. The characteristic structure of the SOC concentration eld | boundary layers, plumes, and mixing within the rolls | appears as for negative Soret coupling. Here, however, there is a concentration surplus at the lower, warm plate. Reducing r into the Soret regime, the ow intensity decreases, di usive transport contributes more and more, concentration pro les become smooth, and boundary layers and plume structures become broad. But SOC's in the Soret regime are still nonlinear states as documented by the mixing parameter M being well below the conductive reference value M cond = 1. TABLE IV. -dependence in mixtures with L = 0:01; = 0:25. Given are rosc(k = ) and !H (k = ) 68]. The last four columns contain properties of the nonlinear convective states on the upper bifurcation branches at rosc. 
